This paper presents a novel modeling methodology that integrates the near building environmental conditions (or microclimate), whole-building design, and occupant behavior. Accurate predictions of the future building operating conditions lead to designs that serve the building's purpose -to support occupants' tasks. This study bridges the gap between human factors and architecture to include physical, cognitive, and organizational systems into building information modeling using future typical meteorological year climate data, canyon air temperature microclimate model, and a whole-building energy simulation to investigate the impact of future microclimate conditions on a "typical" single-occupant office. Additionally, to capture the effects of building occupant decision-making and adaptive behaviors, an agent-based model is proposed. Model inputs are task-based which aim to produce a more robust model to investigate a variety of human-building control interactions to ensure high building performance and occupant comfort and satisfaction.
INTRODUCTION
Building operating conditions are the product of the dynamic and complex interactions between the climate, building, and occupants. Modeling these interactions can significantly improve building performance and occupant comfort. However, failing to properly represent these interactions leads to buildings that do not operate as intended and do not satisfy occupants (Andrews, Yi, Krogmann, Senick, & Wener, 2014) . Hence, it is important to accurately account for the potential factors influencing building operating conditions so that buildings can be better designed to serve the purpose and needs of building occupants. Efforts to improve accuracy of commercial building performance predictions has led to increased attention on modeling building occupant behavior and microclimate -two main drivers of building energy use (Bonte, Thellier, & Lartigue, 2014; Bouyer, Inard, & Musy, 2011) .
Building modeling overview. The commercial building design phase frequently uses building simulations to examine the interactions between climate, building, and occupants. It is common practice to rely on stand-alone building configurations in building simulations. However, it is well known that the urban microclimate strongly affects building operation (Erell & Williamson, 2007; Santamouris et al., 2001) . The urban microclimate is the local atmospheric zone modified by energy exchanges with local built environment context. Buildings in urban context experience higher ambient temperatures due to different wind flow patterns caused by building placement and form, use of materials that effectively store short-wave radiation, and increased solar radiation because of high-albedo materials on neighboring surfaces. Microclimate models simulate these interactions to adapt climate weather data from a stand-alone meteorological station to realistic site-specific air temperatures.
The building interior includes building systems, furniture, equipment, and occupants. These are typically represented in building simulation as "oversimplified, predetermined inputs" that are unrepresentative of actual building systems and occupancy (Lee & Malkawi, 2014) . Inputs are reduced to averages that are then applied to the whole building, an approach that does not represent the dynamic environment and behaviors observed in a real workspace. Equipment use, light use, occupant presence, and occupancy count, to name a few, are reduced to fixed schedules and represented as fixed metabolic heat generators based on historical data (Mahdavi, 2001 ), or as a discrete "stimulus-behavior" relationship (Reinhart, 2004) . Further, furniture that affects airflow and radiant heat exchanges are treated as a fixed mass that is evenly distributed throughout the spaces.
Future conditions are challenging to predict. It is even more challenging to predict operating conditions for a building that do not yet exist -for example, a building designed in a new development where no other structures yet exist. On the other hand, advancements toward more accurate predictions has led to research identifying probable operating circumstances (Burian, McPherson, Brown, Streit, & Turin, 2003) . For instance, urban planning describes the context in which individual buildings are constructed, such as building form, building height-to-width ratios, and street orientation (Elmualim, Valle, & Kwawu, 2012) . Climate-based design strategies can relate to envelope design, façade materials, and climate mitigation strategies, such as reflective glazed facades and high albedo materials, to radiate, conduct, and convect the climate to produce desired result of building performance (EPA, 2013; Schuetter, DeBaillie, & Ahl, 2014) . Further, tasks occupants perform in a building inform various aspects of building interiors: the furniture, equipment, interior environment conditions required to carry out day-to-day business operations, and building systems needed to achieve those operating conditions (Leach, Lobato, Hirsch, Pless, & Torcellini, 2010) . Additionally, tasks can provide expected occupant activity and clothing levels.
To account for uncertainties in occupant behavior, agent-based modeling (ABM) has gained increasing attention in building simulation (Lee & Malkawi, 2014) . ABM is a computer simulation of agents that interact with their environment through defined rules, and have the ability to learn and adapt in response to changes in the environment and other agents. Existing ABMs have utilized either an occupant satisfaction driver of behavior (Andrews et al., 2014) or an environmental affordance driver (Lee & Malkawi, 2014) . While both have the capability to address variability in human behavior, these models lack generalizable results because there is no relationship between these behaviors and the true driver of occupant behavior in commercial buildings -the tasks occupants perform.
The objective of this paper is to present an integrated modeling methodology that takes a task-based approach to define parameters for building design and occupant behavior in a commercial building while accounting for microclimate influences on occupant comfort conditions and energy use in buildings. This approach bridges the gap between human factors and architecture to include physical, cognitive, and organizational systems into building information modeling. By basing model inputs on tasks rather than occupants, the goal is to produce a more robust model that evaluates future building operating conditions in terms of energy consumption and occupant comfort. This paper, first, presents a data collection methodology, based in human factors methods, to collect and organize future building operating conditions. Collected data will then be used to inform the microclimate, building, and occupant components in building simulation.
DATA COLLECTION METHODOLOGY
Detailed information is required about microclimate, building, and occupants to accurately represent future operating conditions. Figure 1 outlines a human factorsbased methodology to capture data for a Midwest commercial office building. First, an ethnographic study of the office domain provides a full understanding of the occupants and their tasks by documenting people's behavior in the context of their own space. Second, the characterization of building systems identifies and represents building systems in a way that highlights both function and capability. Third, analysis of human behavior represents the link between occupant behavior, building performance, and occupant performance. The results from each method will be analyzed separately, and integrated into abstraction hierarchy designed to reflect the constraints (i.e. social, physical) of the work environment using an Ecological Interface Design (EID) approach, as outlined by Burns and Hajdukiewicz (2004) .
Ethnographic study of the office domain. Several techniques will be used to gather task-based information required to define a typical office building:
• Review of comfort standards will identify the baseline conditions for occupant comfort in an office environment. Standards include ASHRAE (2013) Standard 55: thermal environmental conditions for human occupancy and EN (2007) Standard 15251: indoor environmental input parameters (air quality, thermal environment, lighting, and acoustics) for design and assessment of energy performance of buildings.
• Thermal comfort surveys will assess overall comfort level within occupant workspace in relation to actual building thermal conditions. • Contextual task analysis questionnaire twill collect a more granular level of occupant preferences in terms of their tasks performed. Responses from each method will be organized into an ontology that defines the types, properties and interrelationships between the components. Tasks will be characterized by criticality, frequency, and priority. The physical structure (furniture, equipment, and spatial characteristics) will be organized by task requirements. The physical environment (thermal, visual, acoustical, and air quality) associated with each task will be compared to the actual measurements. For example, if one occupant reported thermal conditions as uncomfortable during a task, and the task was performed near an exterior wall, the recorded temperature of the office at that location would be considered too low, and a warmer condition would be desired. Finally, personal factors (layers of clothing and preferences) will be considered when comparing reported conditions to measured conditions. Characterization of building systems. A preliminary systematic review of existing case study and literature research was conducted to identify building systems used in office buildings. Field notes will be taken during the ethnographic study to document the building systems found in the buildings of the questionnaires. Preliminary building system components were identified and organized into categories based on characteristics of capability and function. Component categories were reviewed to include only the systems most common or important to building operation, based on four criteria: function, safety, impact on the occupant, and building efficiency.
Analysis of human behavior.
A literature review of human behavior research will be performed to identify influencing factors and effects on occupant comfort, performance, and satisfaction in the office domain. The theoretical framework established by Feige, Wallbaum, Janser, and Windlinger (2013) to connect building criteria, comfort parameters, and performance parameters. Preliminary behavior research was analyzed for influential factors related to tasks, and linked to the outcome effects. Factors include attitudes such as experience, opportunity, and expectations; social norms such as organizational rules and social status; and environmental influences such as disruptions and annoyances. Outcome effects include measures of productivity, satisfaction, and building energy usage.
Model of the office domain.
To construct the model of the office domain, four steps were followed. First, the system boundary and scale were defined to include anything users might want to control or have information about, and exclude anything redesigned in future work, such as system controls and sensors. Second, an abstraction hierarchy was created using a part-whole decomposition to develop the overall work domain structure. Lastly, the abstraction hierarchy model will be tested for completeness using scenarios in which the occupants perform various office tasks.
Task definition.
Preliminary results from the contextual task analysis reveal four initial common tasks for examination: 1) electronic document preparation (e.g. writing or typing a document on a computer), 2) non-electronic document preparation (e.g. reading or writing using pen and paper), 3) phone call, and 4) small meeting (e.g. 2-4 occupants gathered in the same vicinity for discussion). These tasks were the most frequently performed, critical to the occupant's job description, and are the longest in duration when being performed. Further, these four tasks all require different environmental conditions. Using these four tasks, building model aspects and occupant behavior are determined.
BUILDING SIMULATION METHODOLOGY
This section will present the application of the model of the office domain and tasks to each component in the building simulation process outlined in Figure 2 . Microclimate. The microclimate conditions are the product of the canyon morphology and regional weather data. The urban canyon is defined by a street (canyon floor) bordered by buildings on both sides (canyon walls). Canyon morphology defines the site and building characteristics. Characteristics include street orientation, canyon dimensions, street and building material properties, moisture availability, and anthropogenic heat. The regional weather data for this work will use the future typical meteorological year (FTMY) data for Chicago, Illinois, constructed using the method described by Patton (2013) . This method evaluates typical meteorological year (TMY3) data recorded at O'Hare International Airport for total sky cover, dry-bulb temperature, dew-point temperature, relative humidity, absolute humidity, pressure, and wind speed for the period 2041 to 2070. A regional climate model was paired with a global climate model to generate a moderate climate change scenario for Chicago. The canyon morphology and regional weather will be combined using the Canyon Air Temperature model, created by Erell and Williamson (2006) , to generate the microclimate conditions for the Near West Side community area in Chicago.
Building. The Department of Energy's new construction commercial medium office building typology (Deru et al., 2011) serves as the larger building structure in which a single-occupant office is defined. A single-occupant office is centrally located east to west and along the north wall on the second level because it was identified as being the most affected by the surrounding microclimate, based on results from a previous study (Kalvelage, Passe, & Dorneich, 2015) . The model of the office domain defines the single-occupant office in terms of size, shape, layout, furniture, and equipment in order to perform the four tasks, as shown in Figure 3 . Additionally, the building systems for the single-occupant office include overhead supplied heating and cooling, a thermostat with a limited range of control, a manual window roll shade, and a door lockset. Occupant. Using NetLogo, an agent-based model (ABM) of the office domain will be developed. Occupants will be represented by autonomous agents that have intelligence (i.e., internal logic), as well as the ability to make complex decisions and engage in complex interactions with other agents and objects within their environment. The office domain ABM will simulate occupant behavior and interactions that occur between building occupants and their office environment as a function of tasks performed (e.g., the agent is performing a high activity level task and adjusts its clothing level accordingly). The ABM will also account for dynamic occupant adaptations, enabling agents to "learn" over time and respond proactively to their environment (e.g., the agent lowers the window shade before leaving at the end of the day to prevent early morning sunlight from overheating the office tomorrow). Further, occupant actions do not necessarily have a guaranteed effect on the office environment, and the ABM will allow this uncertainty to be captured.
ABM accommodates the representation of heterogeneous occupants via the development of multiple different agent types, or personas. Each occupant persona will be characterized by a set of unique, innate personal attributes and dynamic state variables derived from the ethnographic study and the human behavior analysis. Attributes include objectives, preferences, expectations, satisfaction thresholds, assigned tasks, prior knowledge, attitudes, motivations, and expertise. State variables, which represent an agent's state at any point in time throughout the simulation, describe an agent's current task behaviors (e.g., the agent is on the phone), as well as outcomes that depend upon personal attributes and the state of its environment (e.g., the agent is comfortable, given that the office is at a certain temperature).
The attributes and current state of each individual agent will impact its ability to perform required tasks, and may affect other occupant environmental characteristics within the building, thereby influencing other agents' states and behaviors. This dynamic and adaptive process of interactions between the building and its occupants will lead to system-wide performance over time, which will be measured in terms of energy consumption and occupant productivity and comfort.
Whole-building energy simulation (BES). EnergyPlus (DOE, 2013) will be used to conduct whole building energy simulations. Using microclimate conditions, building typology, and site information, the simulations evaluate thermal and visual comfort and building energy demand. Thermal comfort will be evaluated in terms of predicted mean vote (PMV), predicted percentage of dissatisfied (PPD), and mean radiant temperature (MRT). The PMV is the average thermal sensation response from a larger number of subjects and is the most recognized thermal comfort model. PPD correlates to PMV. However, because comfort is subjective, there will be a distribution of satisfaction among a large group of people. This satisfaction or dissatisfaction is represented by PPD. MRT is related to the amount of radiant heat transferred from a surface and on the receiving material's ability to absorb or emit heat. Visual comfort will be evaluated for glare index and daylight autonomy. Glare index is the degree of discomfort glare. Daylight autonomy is the percentage of annual daytime hours that, at a given point in a space, is above a specified illumination level. Energy demand will be evaluated in terms of heating, cooling, and total energy use, peak heating and cooling demand, lighting energy, and equipment energy.
DISCUSSION AND CONCLUSION
The current methodology to evaluate energy efficient building operations (with preset schedules, set points, and occupation patterns) does not integrate occupancy behavior nor specific climate features of the near building environment. The prediction, thus, lacks depth and precision, buildings do not perform as predicted, and occupants operate buildings differently than anticipated by the designing architecture team (Andrews et al., 2014) . With dominant societal goals to develop high performance and energy efficient buildings, it has become necessary to develop more refined models for building performance prediction. This paper presented a new methodology that incorporates future building operating conditions, as well as predictions of occupant behavior through an agent-based model, into the modeling of building-microclimate interactions. The purpose is to improve energy and comfort design predictions for buildings in urban context and in a changing climate. The research goal of this project is to provide the inadequate modeling capacity that enables more refined predictions based on occupant interactions with the building and occupant task comfort levels. The resulting methodology can be leveraged to further define model inputs that are more robust to long-term changes and more generalizable across different building types.
